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Abstract 
 Oil-in-water nanoemulsions (NEs) were produced in a dead-end stirred cell setup for the first time 
using bespoke anodic alumina membranes (AAMs). The regular pore structure and narrow pore 
size distribution of AAMs enabled the formation of NEs with narrow size distributions. Rotational 
speed and membrane pore size were the key parameters in controlling the droplet size, with 
droplets as small as 144 ± 18 nm obtained using a membrane with a pore size of 58 ± 6 nm. Low 
values of the droplet diameter-to-pore diameter ratio, ranging from 1.8 to 3.5 were obtained, 
compared to typical literature values of ~10. Literature droplet size prediction models for micro-
emulsions overestimate results by up to ~ 600 %, whereas a model developed by the authors for 
NEs is much closer to experimental values. These results show that stable and controlled NEs can 
be produced for a variety of applications - ranging from consumer products to materials 
manufacturing - and, potentially, at large scale. 
Keywords: membrane emulsification, anodic alumina membrane, nanoemulsion, stirred tank, 
oil-in-water emulsion, modelling. 
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1. Introduction  
Nanoemulsions have been considered for a wide range of promising applications due to their 
optical transparency, their high surface area and their kinetic stability. These applications 
include, among others, an enhanced bioavailability of lipophilic compounds as drug delivery 
systems in the pharmaceutical industry;1 the incorporation of nutraceuticals, vitamins, colours 
and flavours in the food and cosmetic sectors;1 pesticide formulations;2 and as a reactor media 
for the production of nanoparticles.3  
A NE is a two-phase system of immiscible liquids in which one liquid is dispersed as small 
droplets in the other one.4 NEs can be distinguished by their preparation methods, their physical 
properties and their kinetic stability.5 However, the size boundaries of  NEs are not clearly 
defined, with some defining NEs having dispersed phase diameters from 20 nm to 200 nm,6 
while others set 500 nm as an upper diameter limit.7 Furthermore, NEs can be prepared by low-
energy and high-energy methods. The former are non-mechanical processes where the NE 
formation is caused by a sudden change in the composition or temperature.8 On the other hand, 
high-energy methods require a considerable energy input to produce the emulsion and include 
rotor-stator and ultrasound systems, high-pressure homogenizers and microfluidizers.5  
Membrane emulsification (ME) is a low-energy mechanical process, with several advantages 
compared to high-energy ones: First, the dispersed phase droplets are generated by the 
permeation of the disperse phase through the membrane pores, and not by the disruption of a 
coarse emulsion, which leads to the production of droplets with narrower size distribution. In 
addition, ME requires lower energy inputs in the order of 104 - 106 J/m3 compared to other 
methods requiring 106 - 108 J/m. 3, 9 Finally, the size of the resulting dispersed phase droplets is 
 3 
 
mainly determined by the membrane pore size and the fluid dynamics of the system, both of 
which can be well controlled.  
It has been widely reported that a linear relation exists between the membrane pore diameter and 
the average droplet diameter in ME: 
𝐷" = 𝑐𝐷% (1) 
where Dd is the average droplet diameter, Dp is the average pore diameter and c is a 
proportionality constant related to the membrane structure and material. Reported c values range 
between 2 and 10 for Shirasu Porous Glass (SPG) membranes and from 2 to 50 for other types of 
membranes with a less regular pore structure.10 Droplets smaller than the membrane pore (with a 
fractional c value) have also been obtained using a tubular SPG membrane, but with a wide size 
distribution.11 SPG membranes are the most extensively explored material in ME. They are 
hydrophilic membranes with low tortuosity and interconnected pores ranging from 0.05 to 30 
µm.10  
Anodic alumina membranes (AAMs) can be described as highly ordered porous structures in a 
hexagonal arrangement with narrow pore size distributions.12 They are synthetized by the 
electrochemical oxidation of aluminium in mild anodization conditions.13 One of their main 
features is that pore size can be tuned by altering the anodization conditions from about 5 to 300 
nm, depending on the anodization voltage and electrolyte type.12,14 Moreover, the low porosity of 
AAMs, 8 - 30 %,15 compared with 50 – 60 % for SPG membranes,10 reduces the risk of 
coalescence between droplets, making it possible to achieve monodispersed emulsions. These 
characteristics, and the fact that they are hydrophilic,16 make AAMs suitable for the preparation 
of oil-in-water NEs,  although different surface modification approaches have been conducted18 
e.g. prepare  hydrophobised AAMs suitable for water-in-oil emulsions.16,17  
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1.1 Droplet detachment model 
The production of a dispersed phase droplet in ME involves two stages, droplet growth and 
droplet detachment,18 where the final size of the droplet is dependent on a balance of the forces 
acting on the droplet during both stages. The interfacial tension force, Fγ, representing the 
adhesion of the dispersed phase at the edge of the pore, is: 
𝐹' = 2𝜋𝛾𝑟% (2) 
where γ is the interfacial tension force and rp is the pore radius. The drag force, FD, caused by the 
movement of the continuous phase at the edge of the membrane pore and the main force 
responsible for the detachment of the droplet is:  
𝐹, = 6𝑘/𝜋𝜏𝑟"1 (3) 
where rd is the droplet radius, kx is a correction factor and τ is the shear stress. The buoyancy 
force, FB, caused by the difference in density between the continuous and the dispersed phase is 
expressed as: 
𝐹2 = 43𝜋𝑟"5(𝜌8 − 𝜌")𝑔 (4) 
where, g is the gravitational constant and ρc and ρd are the densities of the continuous and the 
dispersed phases, respectively. The inertial force, FI, is produced by the flow of the dispersed 
phase from the pore tip:  
𝐹< = 𝜌"𝜋	𝑟%1𝑣"1 (5) 
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where vd is the velocity of the dispersed phase within the pore. The static pressure force, Fst, is 
due to the pressure difference between the dispersed phase and the continuous phase at the 
membrane surface: 
𝐹?@ = 𝛾𝜋 𝐷%1𝐷" (6) 
For droplets in the micrometre range, inertia and buoyancy forces are approximately 9 and 6 
orders of magnitude smaller, respectively, than interfacial and drag forces.19 Therefore, they are 
generally neglected from force balance models.  Modelling of nanoemulsions produced via ME 
has shown, on the contrary, that these have to be considered for the models to more accurately 
predict the experimental conditions.20  
While most publications on ME reported using a crossflow configuration,21 Kosvintsev, et al. 22 
introduced the concept of a batch stirred cell for the production of emulsions with dispersed 
phase droplets in the micrometer scale, using a paddle-blade impeller. In a stirred tank, the shear 
stress has a radial profile, having their highest value at the critical radius (rc). Along this shear 
stress profile, there are two regions: The first one for positions r < rc, is a forced vortex region, 
which exhibits a rigid-body motion with an angular speed of the impeller (ω); the second is a 
free vortex region for, r > rc, in which the angular momentum (rτ) is constant.22 The position of 
the critical radius can be found based on Yamamoto’s method reported by Nagata:23  
𝑟8 = 𝐷2 1.23 C0.57 + 0.35 𝐷𝑇,I C 𝑏𝑇,IK.K5L C 𝑅𝑒1000 + 1.43𝑅𝑒I𝑛PK.QQL (7) 
where D is the impeller diameter, TD is the tank diameter, b is the blade height, nb is the number 
of blades and Re is the Reynolds number: 
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𝑅𝑒 = 𝜌8𝜔𝐷12𝜋𝜇  (8) 
where ω is the angular speed and µ is the viscosity of the continuous phase. For each region, the 
shear stress at the membrane surface can be calculated using the equations:22  
𝜏 = 0.825µ𝜔𝑟 1𝛿 𝑟 ≤ 𝑟8 (9) 𝜏 = 0.825µ𝜔𝑟 1𝛿 𝑟8 X𝑟8𝑟 YK.L 𝑟 > 𝑟8  (10) 
where the boundary layer thickness is defined using the equation: 
 
While the above equations are specific to a paddle-blade configuration, other paddle geometries, 
including a disk-type stirrer have also been considered in the literature.24  
In the present work, the fabrication of NEs in a stirred cell reactor using bespoke AAMs is 
reported for the first time. Oil-in-water NEs, consisting of sunflower oil and deionized water 
(DW) as dispersed and continuous phase, respectively, were prepared. The effect of the 
membrane pore size, injection rate, type of surfactant, rotational speed and surfactant addition in 
both phases was evaluated to achieve the formation of nanoemulsions with a narrow droplet size 
distribution. The stability of the NEs was monitored using dynamic light scattering. Finally, the 
experimental results were compared with droplet size estimation models available in the 
literature to understand the mechanism involved during the droplet formation at the nanoscale. 
 
𝛿 = [ µ𝜌8𝜔 (11) 
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2. Materials and methods  
2.1 Materials 
High purity aluminium foil (99.99 %) with 0.25 mm thickness was purchased from Alfa Aesar. 
Phosphoric acid (H3PO4) 85 %, perchloric acid (HClO4) 70 %, hydrochloric acid (HCl) 37 %, 
acetone (C3H6O) 99 %, ethanol (C2H5OH) 99 % and copper (II) chloride dihydrated 
(CuCl2·2H2O) 99 %, all reactive grade, were purchased from Sigma Aldrich. Chromium (VI) 
oxide (CrO3) 99.5 %, oxalic acid anhydrous (C2H2O4), 98 % and sulphuric acid (H2SO4) 98 %, 
reactive grade, were purchased from Fisher Scientific. Commercial sunflower oil (SFO) for 
domestic use (Goldfields, Cargill UK) was used as dispersed phase. The surfactants Tween 20 
and Span 80 and Brij O10 were purchased from Sigma Aldrich and Tween 80 from Fisher 
Scientific.  
2.2 Membrane fabrication  
Flat disc anodic alumina membranes were produced via a two-step anodization process. The 
anodization was carried out under potentiostatic conditions using oxalic acid as electrolyte and 
varying voltage and temperature to achieve different membrane pore sizes.  A detailed 
description of the synthesis of AAMs can be found in the supplementary information. The final 
diameter of the AAMs was 10 mm; to place the membrane inside the emulsification rig, the 
membrane was glued between two flat outer diameter 13 mm silicone gaskets, the final active 
membrane diameter for the emulsification experiments was 6 mm. The morphology of the 
AAMs was studied via FESEM (JEOL JSM 6330F) and the obtained micrographs were analysed 
using an image processing software (ImageJ) to determine the average pore diameter, interpore 
distance, porosity and pore density. 
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2.3 Membrane emulsification apparatus and experiments 
 Oil-in-water NEs were produced using a dead-end 3D-printed membrane emulsification rig with 
an overhead stirrer (IKA, RW 11). The membrane emulsification rig (Figure 1a) consisted of a 
50 ml tank filled with 25 ml of continuous phase (1 % wt. Tween 20 in DW). The tank (internal 
diameter 6 mm) was connected at the base to a 13 mm membrane holder (Millipore) where the 
AAM was placed. The membrane was flush with the base of the tank, leaving an exposed 
membrane area of 6 mm in diameter. A syringe pump (KR analytical, Nexus 200) was used to 
push the dispersed phase, 4 % wt. Span 80 in SFO, through the membrane pores. The shear stress 
was provided via the overhead stirrer (IKA, RW 11) with a 5 mm diameter, 3 mm thick and 4 
mm high paddle-blade impeller at different rotational speeds ranging from 100 to 1750 rpm. The 
droplet size distribution of the NEs was analysed via dynamic light scattering (DLS) in 
backscattering mode with a detection angle of 173° (Zetasizer Nano-ZS, Malvern Instruments). 
Droplet size distributions are presented as light scattered intensity % vs. droplet size, without any 
manipulation of data from the DLS.25, 26  The density and viscosity values of the dispersed phase 
at 20 ˚C are 0.92 g ml-1 and 49 mPa s, respectively. The values for the same quantities for the 
Figure 1. a) Membrane emulsification apparatus; b) dimensions of the tank; and c) close-up of the 
membrane holder and paddle-blade impeller. 
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continuous phase are 0.99 g ml-1 and 1.00 mPa s, respectively.  The final concentration of the 
dispersed phase in the nanoemulsion was 0.6 %vol. After the formation of each NE, each 
membrane was cleaned using acetone, ethanol and water in sequence under sonication for 15 
minutes and at least four consecutive times for each solvent. After the cleaning process, the 
membranes were sonicated for 10 minutes in the continuous phase. The rig dimensions are 
shown in Figure 1b. The molecular weight and HLB value of the surfactants used can be found 
in Table 1. 
 
 
 
 
 
 3. Results and discussion  
 3.1 Membrane morphology 
One of the main reasons why AAMs are a very attractive material for nano-applications is the 
high pore regularity and the close-packed arrangement that can be obtained under specific 
reaction conditions.14 Figure 2a is a low magnification SEM micrograph showing that hexagonal 
arrays are present within the material’s microdomains and they are separated from adjacent 
domains by grain boundaries. A cross-sectional micrograph (Figure 2b) shows the formation of 
straight and non-interconnected pores, which are also characteristic features of AAMs. The 
AAMs exhibit a positive relation between the anodization potential and the pore diameter with a 
Table 1. Molecular weight and HLB value of selected surfactants 
Surfactant Molecular weight/g mol-1 HLB 
Brij O10 709 12.4 
Tween 20 1228 16.7 
Tween 80 1310 15.0 
Span 80 428 4.3 
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proportionality constant of 1.34 nm V-1 (Figure 2f), a finding in good agreement with reported 
values in the literature (1.29 nm V-1).15 The best results in terms of pore size regularity were 
achieved for membranes fabricated at 40 V with oxalic acid where a self-organised pore 
arrangement and ideal honeycomb structures are obtained.27 For example, by synthetizing an 
AAM when a 40 V potential is applied, a 58 ± 6 nm mean membrane pore size was obtained 
(Figure 2c). The synthesis conditions of the AAMs can be found in Table S1 in the supporting 
information. At higher potential, less ordered porous structures are formed and a reduction of the 
pore circularity is clearly observed (Figures 2d and 2e). This can be attributed to an increase of 
the volume expansion associated with the formation of aluminum oxide at the metal/oxide 
interface and a reduction of the time for the self-organized formation of hexagonal pores 
arrays.28 A positive correlation between anodization potential and interpore distance was also 
observed with a gradient value of 2.3 nm V-1 close to the  2.5 nm V-1 value reported in 
literature.29 The interpore distance, porosity, pore density and circularity values can be found in 
Figure 2. a) Large section of an AAM, b) cross section c), d) and e) micrographs of a 40, 70 and 80 V 
membranes, respectively, f) correlation between the membrane pore diameter and the anodization 
potential.  
a) 
b)
 
d)
 
f)  
c) 
e)
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Table S2 in the supporting information.  Permeability-selectivity tests for AAMs have been 
reported elsewhere.14,30 
3.2 Nanoemulsion production 
3.2.1 Effect of the surfactant addition in the dispersed phase 
In membrane emulsification, the addition of a surfactant in the continuous phase stabilises the 
droplets against coalescence and reduces the interfacial tension between the two phases and, 
thus, decreases the minimum operating pressure needed to push the dispersed phase through the 
membrane pores. However, previous reports suggested that monodispersed emulsions can be 
obtained when a lipophilic surfactant is added to the oil phase and a hydrophilic surfactant is 
added to the water.31  In the present work, NEs obtained when only a hydrophilic surfactant (1 % 
wt. Tween 20 in DW) was added to the continuous phase were compared, in terms of droplet size 
and size distribution, with NEs produced with surfactant in both the dispersed (4 % wt. Span 80 
Figure 3. Intensity against droplet size for a NE formed using 1 % wt. Tween 20 as surfactant in 
DW and with or without the addition of surfactant (4 % wt. Span 80) in the dispersed phase (SFO) 
for the same conditions (0.15 ml of dispersed phase injected at 0.015 ml/min in 25 ml of 
continuous phase at 1750 rpm) for a) 40 V membrane (58 ± 6 nm) b) 60 V membrane (73 ± 6 nm). 
a) b) 
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in SFO) and the continuous phases (1 % wt. Tween 20 in DW). These experiments were carried 
out using a 40 and a 60 V membrane at different rotational speeds (100 - 1750 rpm). 
For a 40 V membrane, the results show that bimodal NEs was obtained in the whole range of the 
rotational speeds when only a hydrophilic surfactant is added to the continuous phase (1 % wt. 
Tween 20). Figure 3a demonstrates this behaviour, where droplet diameters of 148 ± 39 nm and 
393 ± 82 nm were obtained. Meanwhile, monomodal NEs were achieved when a 4 % wt. Span 
80 was incorporated in the dispersed phase and 1 % wt. Tween 20 in the continuous phase, with 
a droplet size of 154 ± 19 nm. These results were obtained for the highest rotational speed (1750 
rpm). Values for all experiments can be found in Table S3 in the supporting information. 
On the other hand, for a 60 V membrane, monomodal NEs were produced regardless of the 
additional incorporation of surfactant in the dispersed phase and only slightly wider NEs were 
obtained at low rotational speeds when SFO was the dispersed phase (Figure 3b). The droplet 
diameter obtained for the complete range of rotational speeds for a 60 V membrane with and 
without the addition of a surfactant in the dispersed phase can be found in Figure S1. 
The different behaviour for the two membranes under the same process conditions can be 
explained by a difference in the interpore spacing between the 60 V membrane (117 ± 10 nm) 
and the 40 V one (101 ± 5 nm). The former might allow adjacent droplets to grow without 
producing droplet coalescence. Furthermore, previous reports suggested that to avoid droplet 
coalescence, the incorporation of a surfactant in the dispersed phase is beneficial as this 
minimises the diffusional distance from the pore tip to the oil/water interface, when the droplet is 
growing, thereby providing a steady supply of surfactant that avoids droplet coalescence.31 In the 
case of the membrane with a smaller interpore distance and no lipophilic surfactant, the bimodal 
distribution can be explained by droplet coalescence due to the combined effect of the small 
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interpore distance and the slow incorporation of the surfactant molecules (Tween 20) at the 
oil/water interface when the droplet is growing. 
3.2.2 Effect of the type of surfactant  
Three different surfactants in the continuous phase were tested to evaluate the effect of varying 
molecular weight (Table 1). The experiments were carried out using 40 V membranes and 
varying the rotational speed and the dispersed phase incorporating 4 % wt. Span 80 (Figure 4). 
At a low rotational speed (100 rpm), a considerable reduction of the droplet diameter with 
decreasing molecular weight of the surfactant was observed. In addition, droplets with a 
narrower size distribution were produced. This effect can be explained in terms of the surfactant 
diffusion coefficients (Ds), which can be estimated using the Stokes-Einstein equation: 
where k is the Boltzmann constant, T is temperature, µ is viscosity of the continuous phase, and 
Dh is the hydrodynamic diameter, which can be considered as equal to 2Rg, the surfactant’s 
gyration radius  \𝑅] = 𝑀_K.L ∙ 10abc, and Mw is the molecular weight of the surfactant. 
Furthermore, the diffusion coefficient is related to the surfactant mass transfer coefficient (ks) by: 
where t is the droplet formation time.32 The last two equations express the fact that surfactants 
with higher molecular weight have a larger hydrodynamic diameter and slower diffusion from 
the bulk of the continuous phase to the oil/water interface. A surfactant with a lower diffusion 
coefficient will have a lower mass transfer coefficient and will cause an increment of the droplet 
formation time, leading to the formation of bigger droplets and wider size distributions. 
𝐷? = 𝑘𝑇6𝜋𝜇𝐷d (11) 
𝑘? = [𝐷?𝜋𝑡 (12) 
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In Figure 4, it is observed that upon increasing the rotational speed, beyond a certain threshold 
the effect of the surfactant molecular weight on the droplet diameter becomes minimal, with only 
a narrowing of droplet size distribution due to the higher shear rate (as discussed below).  
 
3.2.3 Effect of the injection rate 
Three different injection rates (0.015, 0.030 and 0.045 ml/min) were tested using 40 and 60 V 
membranes for different rotational speeds (100 - 1750 rpm), Figures 5a and 5b, respectively. The 
surfactants were 1 % wt. Tween 20 in the continuous phase and 4 % wt. Span 80 in the dispersed 
phase. 
The results for the 40 V membrane show that above 300 rpm there is only a weak effect of both 
the rotational speed and the injection rate on the droplet diameter. For the three injection rates 
tested, the droplet diameters lie in a range from 144 to 275 nm. However, droplets as small as 
Figure 4. Droplet diameter against rotational speed for three different surfactants added in 
the continuous phase using a 40 V membrane (58 ± 6 nm) with R2 value of 0.26, 0.86 and 
0.78 for Brij O10, Tween 20 and Tween 80, respectively, using an inverse first order fit. 
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144 ± 18 nm and 154 ± 19 nm can be achieved with an injection rate of 0.015 ml/min at 1500 
and 1750 rpm, respectively. 
For a 60 V membrane the results show that there is a stronger influence of both the rotational 
speed and the injection rate over the droplet diameter at low rotational speeds, where the droplet 
diameter has a negative correlation with the rotational speed (Figure 5b). In this region, larger 
droplet diameters and wider size distributions are observed due to a combined effect of the 
increase of the dispersed phase flux and the insufficient drag force to produce droplet 
detachment. The second region occurs at higher rotational speeds, where the droplet diameter is 
almost independent of the injection rate and the shear stress. This region is observed at rotational 
speeds higher than 750 rpm where narrower droplets are obtained. This different behaviour 
Figure 5. Droplet diameter of NEs using a) 40 V (58 ± 6 nm) and b) 60 V (73 ± 6 nm) 
membranes with 1 % wt. Tween 20 and 4 % wt. Span 80 as surfactant in the continuous and 
dispersed phase, respectively, for different rotational speeds and different injection rates. For a 
40 V membrane R2 values are 0.86, 0.11 and 0.75 for 0.015, 0.030 and 0.045 ml/min, 
respectively, using an inverse second order fit.  For a 60 V membrane R2 values are 0.84, 0.83 
and 0.44 for 0.015, 0.030 and 0.045 ml/min, respectively, using an inverse first order fit. 
b) a
) a) b) 
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between a 40 and a 60 V membrane in terms of the rotational speed and droplet size dependence 
is similar to what was observed previously for micrometer size droplets produced via cross-flow 
ME where the smaller the pore size, the smaller the shear stress value needed for droplet 
detachment.33 The authors have shown something similar at the nanoscale in cross-flow 
configuration.20  
 
3.2.4 Effect of the pore size 
The effect of the membrane pore size on the droplet diameter was evaluated by fabricating 
AAMs at different voltages to achieve different average pore sizes (Table S1 and Figure 2f). 
Figure 6a shows the droplet diameter of NEs obtained by injecting 0.15 ml of dispersed phase (4 
% wt. Span 80 in SFO) at 0.015 ml/min in 25 ml of continuous phase (1 % wt. Tween 20 in DW) 
as a function of the pore size for defined shear stress values. The results show a positive 
correlation between the membrane pore size and the droplet diameter. Furthermore, it is possible 
to identify two regions (Figure 6a and Figure 6b): The first one at low rotational speeds, where 
the shear stress is not high enough to produce droplet detachment and bigger droplets with wider 
size distribution are obtained. In this region, the sharpest decrease on the droplet diameter is 
observed especially at the lowest rotational speeds (100 rpm), a trend previously reported for 
membrane emulsification using flat membranes at the micrometer scale.34,22 A distinct behaviour 
is observed at higher rotational speeds (> 1000 rpm) where the droplet diameter is nearly 
independent of rotational speed (Figure 6b). The behaviour of the droplet diameter at these high 
rotational speeds shows that the minimum value of the droplet has been reached and 
consequently the membrane pore size and rotational speed will be the key parameters for 
controlling the droplet size.  
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Another trend observed is that wider droplet size distributions are obtained with the increase on 
the membrane pore size along all the rotational speeds. The last is a consequence of the decrease 
on the membrane quality in terms of pore circularity, as can be seen in Figures 2c, 2d and 2e.  As 
discussed in Section 3.1, during membrane fabrication higher potentials produce less ordered 
porous structures with wider pore size distributions and an increase in the pore heterogeneity. 
These translate into the formation of NEs with wider size distributions, an issue that cannot be 
overcome with an increase on the rotational speed. 
 As the main parameters influencing droplet size are membrane pore size and shear stress, it is 
convenient to express the contribution of both parameters in a single dimensionless number, the 
Euler number: 35 
𝐸𝑢@hij? = 𝛥𝑃𝜌8𝑁1𝐷1 
 
Figure 6c shows the ratio of the average droplet diameter to the average pore size (Dd/Dp) for 
AAMs with different pore sizes, under the conditions in Figure 6a, against the rotational speed 
and the inverse of the Euler number for different membrane pore sizes and rotational speeds 
(Figure 6d). The results show the proportionality constant values lies between 1.8 and 3.5, for 
rotational speeds above 200 rpm. These values are small compared to the ones in the literature, 
which typically go up to 10 for SPG and up to 50 for other less ordered membranes.10 Only for 
rotational speeds below 200 rpm, this value goes up to 4.9, for the given conditions. The low 
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proportionality values obtained are due to the circular pores in a highly-ordered arrangement and 
narrow pore size distribution of the AAMs.  
 
a) b) 
c) d) 
Figure 6. a) Droplet diameter of NEs against the rotational speed, for membranes with different pore sizes 
with R2 value of 0.86, 0.69, 0.84, 0.81, 0.38 for a 40, 50, 60, 70 and 80 V membrane, respectively, using an 
inverse first order fit; b) inverse of the droplet diameter against rotational speed for 40 and 70 V membranes; 
c) ratio ofdroplet diameter to pore diameter against rotational speed; and d) ratio of droplet diameter to pore 
diameter against inverse of the Euler number. 
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3.2.5 Stability of emulsions 
The stability of the NEs was evaluated by analysing a sample by DLS at 20 ˚C the same day that 
it was produced and after twelve days stored at 8 ˚C. The average droplet diameter was 200 ± 30 
nm and 207 ± 50 nm in the first and second analysis, respectively. The negligible difference in 
the droplet size between both analyses suggests that no coalescence occurred during storage.   
3.3 Process modelling 
 Five different models from literature presented in Table 2 were used to estimate the droplet size 
and compared with experimental values from NEs obtained using a 40 V membrane, using the 
dimensions described in Figure 1 for the membrane and experimental apparatus. 
To estimate the droplet diameter, the shear stress was calculated as described in the introduction 
section (Eq. 9 and 10). Figure 7 shows the shear stress profile along the membrane radius for 
different rotational speeds. For each rotational speed, the highest point in the curve represents the 
critical radius (rc). The estimated droplet diameter values for each model was calculated using 
the shear stress value at the critical radius because that will give the lowest droplet diameter that 
the model can predict. Figure 8 shows a comparison among the experimental and the estimated 
droplet diameters for the five models for a 40 V membrane. The results are tabulated in Table S4 
in the supporting information. 
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The first and second model are a force and a torque balance, respectively.22 For both models, the 
buoyancy and the inertial forces have been neglected. The droplet diameters show a decrease in 
the droplet diameter as the shear stress increases, as in the experiments, but a comparison 
between the experimental values and the theoretical values from both models at the highest 
rotational speed (1750 rpm) produces an overestimation of 643 % and 170 % of the droplet 
diameter for the torque and force balance, respectively. 
Table 2. Models for the estimation of the droplet size in membrane emulsification based on 
force or torque balances (all terms defined in the  nomenclature) 
Balance Model expression Reference 
Fγ = FD        (force) 𝐷" = n18𝜏1𝑟%1 + 2o81𝜏p𝑟%p + 4𝜏1𝑟%1𝛾13𝜏  
 
22 𝑀'q = 𝐹, X,r1 Y 𝑐𝑜𝑠𝛼 
(torque) 
𝐷" = 12Q/5w𝑟%1𝜏1\𝛾 + o𝛾1 − 12𝑟%1𝜏1cxQ/53𝜏+ 121/5𝑟%1𝜏3w𝑟%1𝜏1\𝛾 + o𝛾1 − 12𝑟%1𝜏1cxQ/5 
 
Fγ = FD   
(force) 
𝐷" = [2𝑟%𝛾6𝑘/𝜏 
 
19 
Fst = FD   
 
𝐷"𝐷% = y 2𝛾3𝑘/𝐷%𝜏zQ 5{  34 
(𝐹, +	𝐹2)ℎ = 	𝐹'𝑟% 
(torque) 
}6𝑘/𝜋𝜏ℎ1 + 43𝜋𝑟5(𝜌8 − 𝜌")𝑔~ ℎ = 2𝜋𝛾𝑟%1 
 43𝜋𝑟5 = 𝜋6 ℎ\3𝑟%1 + ℎ1c 
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The third model developed by Rayner and Trägårdh 19 as a force balance between interfacial and 
drag force also leads to an overestimation of the experimental data of 244 % for the highest shear 
stress. The fourth model proposed by Suárez et al. (2013) estimates the minimum droplet size 
that could be produced taking into account a force balance between the static pressure force and 
drag force. The model shows only an overestimation of 155 % at the highest rotational speed. 
Figure 7. Shear stress profile along the membrane radius at different rotational speeds. 
Figure 8. Comparison between droplet size estimations obtained from the four different 
models and the experimental data for a NEs prepared using a 40 V membrane (58 ± 6 nm). 
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The similarity observed in Figure 8 between the Suarez  model and the torque balance22 for all 
the rotational speeds is due to the similar magnitude between the static pressure force and 
interfacial tension force (See supporting information, Figure S2). All of these models have been 
developed for emulsions and membrane pore sizes in the micrometer range, giving good results 
for these larger droplets. On the other hand the fifth model was developed by the authors,20 for 
crossflow ME with membrane pores in the nanometer range and is a two equation system where 
drag, buoyancy and interfacial tension force are considered. This model results in a much smaller 
overestimation of 34 % at the highest shear rate, providing a better, while not yet ideal, fit with 
the experimental data.  
For the four applied models, the predicted values tend to converge at higher rotational speeds, 
while larger discrepancies with the experimental values were observed at low rotational speeds. 
This difference can be attributed to the fact that, at low rotational speed, below 200 rpm, the 
magnitude of the buoyancy force becomes significant.18 In addition, the magnitude of the drag 
force is relatively low and the ratio between these two forces will be smaller. In fact, at the 
lowest rotational speed, the drag force is just two orders of magnitude higher to the buoyancy 
force, while at the highest rotational speed the ratio increases to about five orders of magnitude. 
Furthermore, results in this work here show that at low rotational speeds surfactants play a major 
role, a factor that is not directly accounted for in any of the models present in the literature. 
Figure S2 shows the magnitude of each force for both rotational speeds. 
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4. Conclusions 
In the present work, the formation of nanoemulsions by membrane emulsification in a stirred-cell 
setup using bespoke AAMs is reported for the first time. The AAMs were synthesized under 
specific experimental conditions to obtain different pore sizes and subsequently tested for 
different process and surfactant parameters for NE production.  
The NE results demonstrated that the addition of a lipophilic and a hydrophilic surfactant in the 
dispersed and the continuous phase, respectively, was beneficial, especially when the membrane 
has a small interpore distance. A rapid decrease of the interfacial tension caused by the presence 
of the surfactant in the dispersed phase led to a reduction of droplet formation time, and 
monodispersed droplets with smaller droplet size distributions were obtained. When surfactants 
were added in both phases, the effect of the molecular weight of the surfactant in the continuous 
phase was significant only at low rotational speeds due to a low mass transfer of the surfactant in 
the continuous phase to the oil/water interface when the droplet was growing. In ME, a critical 
aspect is a fast provision of surfactant during the droplet growth step and this was achieved by 
the incorporation of surfactant in the dispersed phase (due to a small diffusion distance from the 
bulk of the dispersed phase to the oil/water interphase). Therefore, the effect of the molecular 
weight of the surfactant in the continuous phase becomes minimal. 
The shear stress exhibited a negative correlation with the droplet size and droplet size 
distribution. The results demonstrated that the smaller the pore size the lower shear stress needed 
to achieve droplet detachment. As expected, the droplet size was proportional to the pore size, 
with values of the ratio (Dd/Dp) ranging from 1.8 to 3.5. These low proportionality values are due 
to the narrow pore size distribution that characterize AAMs, compared to other membranes.  
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Five droplet size estimation models for ME were compared to experimental data. The five 
models led to an overestimation of the droplet size, especially at low rotational speeds. A model 
produced by the authors, which, unlike the others, considers the effects of buoyancy and inertia, 
produced a better estimation across the entire range of rotational speeds, showing that these 
forces cannot be ignored at the nanoscale.   
 
Supporting information is available free of charge on the ACS Publication website. 
Synthesis conditions for the production of AAMs (Table S1), properties of the synthesized 
AAMs (Table S2), droplet size of NEs obtained using a 40 V membrane under different 
surfactant conditions (Table S3), droplet diameter of NEs obtained at for a 60 V membrane under 
different surfactant conditions (Figure S1), comparison of the experimental NEs obtained with 
current droplet diameter estimation models (Table S4), magnitude of the different forces acting 
over a droplet in a stirred-cell setup for ME (Figure S2).  
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Abbreviations 
AAMs Anodic alumina membranes 
DW Deionized water 
HLB Hydrophilic-Lipophilic Balance 
ME Membrane emulsification  
NEs Nanoemulsions 
SFO Sunflower oil 
Nomenclature 
b blade height (m) 
D impeller diameter (m) 
Ds surfactant diffusion coefficient (m2  s-1 ) 
Dd droplet diameter (m) 
Dp pore diameter (m) 
DdA droplet diameter after coalescence (m) 
DdB droplet diameter before coalescence (m) 
Eutrans Euler number (-) 
FB buoyancy force  (N) 
FD  drag force (N) 
Fγ interfacial tension force (N) 
Fst Static pressure force (N) 
g gravitational constant (9.81 m s-2) 
h droplet height (m) 
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k Boltzmann constant (1.380×10−23 J K-1) 
ks surfactant mass transfer coefficient (m s-1) 
kx wall correction factor (-) 
Mγz momentum of the interfacial tension force at pore edge (N s) 
Mw molecular weight of the surfactant (g mol-1) 
nb number of blades (-) 
ΔP transmembrane pressure (Pa) 
rc critical radius (m) 
rd droplet radius (m)  
rp membrane pore radius (m) 
Re Reynolds number (-) 
t droplet formation time (s) 
T temperature of the continuous phase (K) 
TD tank diameter (m) 
vd  velocity of the dispersed phase within a single pore (m s-1) 
 
Greek 
symbols 
 
α angle from the edge pore 
γ interfacial tension (mN m-1) 
δ boundary layer thickness (m) 
µ viscosity of the continuous phase (Pa·s) 
ρc density of the continuous phase (kg m-3) 
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ρd density of the dispersed phase (kg m-3) 
τ shear stress (Pa) 
ω angular speed of the impeller (rad s-1) 
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